ABSTRACT This paper presents a 220-320-GHz hemispherical lens antenna fabricated using photopolymer-based additive manufacture and directly fed by the standard WR-3 rectangular waveguide without any additional waveguide extension. The microfabrication process is based on digital light processing rapid prototyping using the Monocure 3DR3582C resin-based photocurable polymer. This gives various key advantages, including ease of antenna fabrication, manufacturing speed, and cost-effectiveness due to its rapid fabrication capability. Even though the photopolymer is found to have a loss tangent of 0.034 at 320 GHz, the all-polymer lens antennas still achieve a fractional bandwidth of 37%, covering the whole 220-320-GHz WR-3 waveguide band with a measured gain of approximately 16 dBi at 0 • over the whole band. A measured return loss of better than 14 dB is achieved from 220 to 320 GHz with a half-power beamwidth of approximately 12 • , which is relatively constant over the whole WR-3 band.
I. INTRODUCTION
Terahertz (THz) technology attracts more and more attention from researchers and engineers from all over the world because of its important potential applications, such as highresolution radars, imaging systems, sensing, security scanning, and high-speed communications [1] - [10] . Antennas are, of course, key components used in these applications. In recent years, many types of THz antenna have been reported, such as horn antennas, slotted waveguide antennas, reflector antennas, and dielectric lens antennas [11] - [28] . Among these, dielectric lens antennas are very attractive for many THz applications due to their simple structure, high gain, broadband characteristics, zero conductor losses and circular polarization [19] - [25] .
Additive manufacturing rapid prototyping technology, also known as 3D printing technology, has also been playing an important role in state-of-the-art 3D fabrication processes because of its fast prototyping capability and low manufacturing costs, with various dielectric and conductor materials available for use in 3D printing processes. Among the various additive manufacturing techniques, fused deposition modeling (FDM), digital light processing (DLP) and polymer jetting (PolyJet) are most often used for fabricating millimeter-wave and THz components such as antennas [29] - [31] , waveguides [32] , [33] , and THz sensors [34] , [35] . However, due to its capability in fabricating high-resolution 3D structures and various choices of printing materials, the DLP technique is often preferred to FDM and PolyJet fabrication.
In this paper, all-photopolymer hemispherical lens antennas operating from 220 to 320 GHz are reported, fabricated with a DLP additive manufacturing process using Monocure-3DR3582C resin-based photocurable polymer. A cavity fabricated at the base of the lens structure is used to match the impedances between the aperture of the WR-3 rectangular feed and the hemispheric lens antennas, optimizing the reflection coefficient (S 11 ) of the antennas to better than −10dB and maximizing the operational fractional VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ FIGURE 1. The measured dielectric constant and loss tangent of Monocure 3DR3582C photopolymer material from 220-320 GHz, determined using the Keysight Technologies 85071E material characterization suite. The red and blue traces are third-order polynomial regression curve fits.
bandwidth to cover the whole of the WR-3 band. The form factor of the hemispheric lens antennas was optimized as a balanced compromise between the antenna realized gain and photopolymer material losses of Monocure 3DR3582C. However, the realized gain of the lens design in this work can be easily enhanced by using lower loss photopolymers as alternatives to Monocure 3DR3582C. This work introduces several advantages e.g. ease of antenna design and fabrication based on all-photopolymer 3D structures as well as fabrication cost effectiveness and prototyping speed. Moreover, the hemispherical lens antennas can be precisely mounted directly at the waveguide ports of the VNA extender without any additional waveguide section or waveguide transition.
II. LENS ANTENNA DESIGN AND FABRICATOIN

A. PHOTOPOLYMER CHARACTERIZATION
Monocure 3DR3582C rapid-photocurable resin-based polymer [36] is used to fabricate the hemispherical lens antennas due to its low cost and commercial availability. The Keysight Technologies free-space material characterization suite 85071E [37] was used with a PNA-X vector network analyzer (VNA) and OML frequency extenders to measure the dielectric properties of the Monocure photopolymer in the WR-3 band. Figure 1 plots the dielectric constant and loss tangent of the Monocure 3DR3582C photopolymer from 220 -320 GHz. Over the whole WR-3 band, the third-order polynomial regression fitted dielectric constant changes slightly from 2.86 to 2.85 while the curve-fitted loss tangent increases from 0.025 to 0.033 over the 220 to 320 GHz range.
From the free-space measurement results, the dielectric constant variation from 2.85 and 2.86 does not pose a problem for designing a broad range of millimeter-wave and THz components as well as various THz antennas. However, the loss tangent is relatively high compared to conventional but costly dielectric materials such as high-resistivity silicon or GaAs substrates. On the other hand, the price of the photopolymer is much lower than those of conventional dielectric substrates and it is easy to form 3D microstructures with much lower fabrication costs, making the photopolymer very attractive for many millimeter-wave and THz applications.
B. LENS ANTENNA DESIGN
Lens antennas are very attractive for many applications in millimeter-wave and THz systems due to their high gain, compared to most planar antennas, and ease of design and fabrication compared to other high-gain antenna elements such as horn and parabolic antennas. Hemispherical lenses are the simplest 3D structures for lens antenna designs while still offering various advantages such as circular polarization properties and broadband characteristics. In this work, the 3D full-wave EM simulation package CST Studio Suite was used to design the 220-320 GHz hemispheric lens antennas based on Monocure 3DR3582C photopolymer. The values of all necessary parameters are shown in Table 1 . Fig. 2 (a) and (b) depict the front and back side of the hemispheric lens, respectively, with the mechanical and electrical design parameters labeled. The radius of the hemispherical antenna, R, determines the gain of the antenna while the extension length of the antenna, L, is optimizable to reduce the overall side lobe characteristics of the antenna radiation pattern [24] . F W and F L are the width and length of the antenna mechanical fixtures, respectively, with screw hole diameters of F D , which are used to directly mount the antennas to the WR-3 rectangular waveguide flanges, providing mechanical stability during the free-space antenna measurements. The fixture thickness, F T , was carefully chosen to minimize any electromagnetic (EM) effects of the antennas, e.g. degradation of the radiation characteristics and return loss, while still maintaining stable mechanical properties between the waveguide feed and the lens. In order to maximize the EM power coupling from the WR-3 feed to the lens antenna, an impedance matching section using a cavity with dimensions of a, b and m, as shown in Fig. 2(b) , is introduced at the base of the antennas. Fig. 2(c) illustrates the 3D structure of the hemispheric lens antennas mounted with WR-3 rectangular waveguide feed, along with the orientation of the EM fields and the direction of radiation.
The optimum ratio between the extension length and lens radius (L/R) was simulated and obtained by using the 3D EM simulation tool CST Studio Suite. Parametric sweep simulation was used to vary the lens radius from 1 mm to 6 mm with a step of 1 mm and the ratio of the extension length to lens radius (L/R) from 0.6 to 1.3 with a step of 0.05. From the parametric sweep simulations, the realized gain at 0 • for three frequencies representing lower, mid-band and upper frequencies of the lens antennas, which are at 220, 270 and 320 GHz, respectively, were recorded. Three contours, as a function of lens radius R and ratio of the extension length to lens radius L/R of the three selected frequencies, are plotted in Fig. 3 , and these were used to determine the maximum values of realized gain. From the simulations, the effect of the dielectric properties, i.e., dielectric constant and loss tangent, were carefully considered to investigate their effect on the lens antenna performance. In Fig. 3 , the maximum realized gain at 0 • of the lens antennas for all three frequencies is achievable approximately at the same values of lens radius (R = 3 mm) and ratio between the extension length and lens radius (L/R = 1.0). For the lens radius longer than 3 mm (R > 3 mm), the contour plots indicate decreasing realized gains for all three selected frequencies, caused by the EM power loss in the dielectric material. Thus, the loss tangent of material plays an important role in the design optimization and should be considered early in the mm-wave and THz lens antenna design process.
C. LENS ANTENNA MATCHING
For the all-polymer lens antenna without impedance matching, the best achievable reflection coefficient, S 11 , is in the range of only −8 to −10 dB for the WR-3 band frequencies from 220 to 320 GHz. To minimize the signal reflection, an air-pocket cavity, which was introduced and published in [24] and [25] , was implemented at the feed point of the hemispherical lens antenna to decrease the impedance mismatch level between the aperture of the open-ended waveguide feed and the lens. The air-pocket matching introduces various advantages e.g. less sensitivity of the impedance of the lens antenna to small distance variation between feed point and lens antenna. Fig. 4 shows the simulation results of the time-domain signal reflections at the antenna feed point between with and without the impedance matching section using CST Studio Suite. From Fig. 4 , an incident Gaussian EM excitation signal was generated at the aperture of the waveguide feed. At the interface boundary between the aperture of the open-ended waveguide and air-pocket, the reflected signal voltages with and without the cavity matching are 0.12V (−18.41dB) and 0.36V (−8.87dB), respectively, as compared to the Gaussian input voltage of 1V (0 dB). The dimensions of the cavity were carefully determined by considering the achievable fabrication resolution of the 3D printer, ANYCUBIC Photon [38] , used in this work. From Fig. 2 (b) , the cross-section of the cavity matching section is fixed to a = 0.8636mm and b = 0.4318mm due to the inside dimensions of the standard WR-3 waveguide used to measure the lens antennas. The matching depth, m, was investigated by parametric sweep with the range from 0.1-0.4 mm with a step of 0.1mm. Figs. 5 (a) and (b) show the simulation results of the reflection coefficients and realized gain, as functions of matching section depth, at the radiation direction at 0 • , respectively. From the simulation results, a matching section depth of 0.2 mm is chosen as the best compromise between the reflection coefficient and realized gain of the antenna, considering the additive manufacturing fabrication resolution as a design factor.
D. LENS ANTENNA FABRICATION
The hemispherical lens antenna was fabricated by using an ANYCUBIC Photon 3D printer [38] featuring DLP manufacturing technique with an integrated UV light source operating at a wavelength of 405 nm. The Monocure 3D rapid clear photopolymer [36] , which is sensitive to a very wide range of wavelengths (225 to 420nm) was selected as the photopolymeric material for fabricating the lens antenna. The 3D models of the all-polymer lens antennas were exported from the EM simulation package using the STL file format. The STL code was then converted into the machine language (G-code) by using the ANYCUBIC Photo slicer software with the layer thickness set to 0.025 mm, normal exposure time of 9.7 seconds, off time of 6.5 seconds, bottom exposure time of 65.5 seconds, and bottom layer curing of 8 layers. The total printing time of the all-polymer lens antenna including UV-curing and drying processes was 75 minutes with a possibility of batch processing for mass production. However, during the fabrication process, the sacrificial raft and support patterns were manufactured to increase the mechanical stability of the lens antenna structures. The sacrificial patterns were afterward removed from the lens antennas at the final stage and have a small effect on the accuracy of the antenna fabrication. Table 2 lists the actual dimensions of the antennas measured by using an optical microscope compared to the design values.
III. MEASUREMENT RESULTS
To measure the reflection coefficient and radiation pattern of the all-photopolymer lens antenna, a Keysight Technologies PNA-X N5242 VNA with two OML WR-3 frequency extender heads was used with Line-Reflect-Line (LRL) calibration to measure the lens antennas from 220-320 GHz. A laser alignment system generally used in terahertz measurements was employed to accurately control the positioning and rotation of the antenna before and during the antenna measurement. Fig. 6 (a) shows the bare WR-3 waveguide extender port before attaching the all-photopolymer lens antenna while Fig. 6 (b) shows the lens antenna prototype attached to the WR-3 waveguide flange. The measured and simulated reflection coefficient, S 11 , and realized gain at 0 • for the whole WR-3 band from 220-320 GHz are plotted in Fig. 7 . From the measurement results, it is shown that the antenna design in this work achieves the reflection coefficient well below 14 dB and relatively constant maximum antenna gain of approximately 16 dBi over the whole WR-3 band, with a calculated fractional bandwidth of 37%.
The radiation pattern of the all-polymer lens antenna at different frequencies was measured and compared to the radiation pattern of the open-ended WR-3 waveguide. A WR-3 horn antenna with nominal gain of 26 dBi and halfpower beamwidth (HPBW) of 10 • was used as the reference antenna for the free-space measurement. The Keysight VNA with extender heads was used to measure the radiation characteristics of the all-polymer lens antennas with the laser alignment system to control the positioning and rotation of the antenna during the radiation pattern measurement. The separation between the antenna-under-test (AUT) and reference antenna was set to 9 mm, which is well beyond +15 degree with a step of 1 degree, with the desired distance and measurement angles checked using a laser alignment system. the simulated far-field distance at the highest measurement frequency of 320 GHz. The AUT was manually rotated and precisely placed at the desired distances and at measurement angles from −15 • to +15 • with a step of 1 • by using the laser alignment system. Fig. 8 (a) -(f) plots the radiation patterns at 220, 240, 260, 280, 300 and 320 GHz, respectively. From the measurement results, the HPBW of the all-polymer lens is approximately 12 • with relatively constant maximum gain of 16.09dBi. The antenna design in this work compromises the gain and antenna form factor with the material loss of the photopolymer selected. To enhance the maximum realized gain, lower-loss materials are required such as high-resistivity silicon or GaAs but the material costs are usually high compared to the photo-curable polymers and 3D manufacturing is much more complicated. Moreover, the additive manufacturing fabrication process is much less complex for DLP technique compared to many conventional precision fabrications, e.g. cleanroom based, while mass production is still possible at very low fabrication cost. Table 3 compares figure-ofmerits between the all-photopolymer lens antenna reported here and other state-of-the-art lens structures [15] - [16] , [18] , [24] , [27] published to date.
IV. CONCLUSIONS
A 3D-printed all-photopolymer lens antenna operating over the full WR-3 waveguide band has been demonstrated. The antenna was fabricated by using a DLP additive manufacturing technique. The dielectric properties of the Monocure commercial photopolymer resin chosen for the antenna design have been precisely characterized by using a free space materials measurement system. The measured maximum gain of the all-polymer antenna is 16.09 dBi and a fractional bandwidth of 37% is achieved. 
